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Abstract
Photovoltaic (PV) systems have much potential to become a major renewable
source for clean electricity and they are expected to provide a significant
share in the electricity demand in the future. Accordingly, several efforts have
been initiated to increase the penetration level of PV systems and introduce
more renewables. In order to enable more PV installations, challenging issues
in both technical and economic aspects should be properly addressed.
Firstly, seen from the technical perspective, one major concern is related to
the integration of the PV systems to the electricity grid. Since the PV power
production is strongly dependent on the environmental conditions (e.g., solar
irradiance and ambient temperature), the power injected from the PV systems
can vary considerably during a day. In the case of wide-scale PV system
installations, a considerable amount of fluctuating power will be delivered
to the grid which may induce overloading during peak-power generation
periods and voltage fluctuations, challenging the system operators. On the
other hand, maintaining a high-level of power quality is always mandatory
for the future installation of the PV systems. The PV systems have been
reported as one source of harmonics including interharmonics delivered to
the grid. Thus, solutions to the above challenges are demanded.
Secondly, the cost reduction of PV energy is another important aspect to
enable more PV installations. For the application with relatively long ex-
pected lifespan such as PV systems (e.g., 20-25 years of operation), the oper-
ation and maintenance costs play a major part in the overall cost of energy.
According to the field experience, the PV inverter has been reported as one of
the most critical components that cause failures in the PV systems. The con-
sequence of the PV inverter failure will not only lead to extra financial and
labor efforts to the inverter replacement but also the loss of revenue from the
reduced energy yield during the inverter downtime. Therefore, ensuring a
highly reliable operation is strongly demanded for the PV inverter, since it
has high potential for reducing the cost of PV energy.
iii
To tackle those issues and thus enable more PV systems, this Ph.D. project
discusses solutions to improve the control functionality and reliability of
power electronics in PV systems. Throughout this project, a flexible power
control strategy of PV systems has been developed. A power limiting control
strategy has been proposed to limit the maximum feed-in power of the PV
system to a certain level. A control solution to limit the ramp-rate of the PV
output power is also proposed, namely, a power ramp-rate control strategy.
Then, two solutions to realize the power reserve control have also been pro-
posed: 1) Coordinating the control of different PV units with the Constant
Power Generation (CPG) control and the Maximum Power Point Tracking
(MPPT) operation and 2) Combining the CPG control and the MPPT opera-
tion to routinely estimate the available power using only one PV unit. The
performance of the proposed control strategies has been validated experi-
mentally under several operating conditions.
Furthermore, the power quality issue of the PV systems, specifically inter-
harmonics is also analyzed in this project. It is confirmed by the experiments
that the perturbation of the DC-link voltage during the MPPT operation is
one main cause of interharmonics in the grid current. To address this issue,
a model to predict interharmonics according to the control parameters has
been proposed. The effectiveness of the proposed interharmonic model has
been validated. It has been demonstrated that the predicted interharmonics
and the experimental measurements are in close agreement.
The reliability of the PV inverter is also analyzed in this project, where the
mission profiles of the PV systems are considered. From a reliability point
of view, the PV array degradation and oversizing are the two main aspects
that can strongly affect the reliability of PV inverters, whose impact has thus
been investigated in this project. The results have shown that the PV array
degradation can deviate the reliability performance of the PV inverters (i.e.,
B10 lifetime) by more than 50 % compared to the case without considering
the degradation. The impact of PV array sizing on the PV inverter reliability
has also been analyzed, which shows that the B10 lifetime of the PV inverter
may decrease by more than 40 % compared to the case without oversizing PV
arrays, especially, for the mission profile with low solar irradiance conditions.
Moreover, the solution to the reliability enhancement of PV inverters with
the integration of battery systems is also explored in this Ph.D. project. With
the integrated battery system, the loading of the PV inverter can be modified
in a way to benefit the reliability of the PV inverter. In that case, the damage
of the PV inverter can be reduced by 50 % compared to the case without bat-
tery systems. Thus, integrating energy storage systems may be a promising
solution to enhance the reliability of PV inverters.
Dansk Resumé
Solcelle (PV) systemer har potentiale til at udgøre en anselig vedvarende
kilde til produktion af ren elektricitet, og de forventes at bidrage til en bety-
delig andel af efterspørgslen af elektricitet i fremtiden. Der er derfor igangsat
flere bestræbelser for at øge udbredelsen af PV-systemer og indføre flere ved-
varende energikilder. For at muliggøre flere PV-installationer, så bør udfor-
dringer vedrørende tekniske og økonomiske aspekter behandles grundigt.
For det første, set fra et teknisk perspektiv, er der en stor bekymring
relateret til integrationen af solcelle-systemerne i elnettet. Da energiproduk-
tionen er stærk afhængig af de omgivende forhold (fx solindstråling og tem-
peratur), kan effekten, der leveres af solcelle-systemerne variere betydeligt i
løbet af en dag. I tilfælde af at solcelle-systeminstallationer er i stor skala,
vil der blive leveret en betydelig mængde varierende effekt til elnettet. Dette
kan fremkalde overbelastninger under spidsproduktionsperioder og medføre
spændingsudsving, hvilket udfordrer systemoperatørerne af el-nettet. Deru-
dover er det obligatorisk at opretholde en høj strømkvalitet til fremtidige
installationer af solcelle-systemer tilsluttet el-nettet. Solcelle-systemerne er
allerede blevet rapporteret som årsag til uønskede harmoniske svingninger i
elnettet, herunder inter-harmoniske svingninger. Derfor er løsninger på de
ovennævnte udfordringer nødvendige.
Et andet vigtigt aspekt for at muliggøre flere PV-installationer er at reduc-
ere omkostningerne af solcelle-energien. For en applikation med relativt lang
forventet levetid som f.eks. solcelle-systemer (20-25 års drift) spiller drifts- og
vedligeholdelsesomkostningerne en stor rolle i den samlede energiomkost-
ning. PV-inverteren er ifølge felt-oplevelser blevet rapporteret, som en af de
mest kritiske komponenter, der ofte forårsager fejl i sådanne systemer. Kon-
sekvensen af PV-inverterfejl vil ikke kun medføre en ekstra økonomisk og
arbejdsmæssig indsats, men vil også føre til tab af indtægter i den tid in-
verteren ikke er funktionsdygtig. Derfor kræves der pålidelig drift af solcelle
omformeren, da dette har et stort potentiale for at reducere omkostningerne
af solcelle-energi.
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For at løse disse problemer og dermed muliggøre flere PV-systemer dis-
kuterer denne Ph.D. afhandling mulige løsninger til forbedring af styrings-
funktionaliteten og pålideligheden af effektelektronikken i PV-systemer. Igen-
nem dette projektet er der udviklet en fleksibel styringsstrategi for PV-system-
er. En effekt-begrænsende kontrolstrategi er blevet foreslået til at begrænse
PV-systemets maksimale optagelse effekt til et bestemt niveau. En kon-
trolløsning til at begrænse raten af PV-udgangseffekten er også foreslået,
nemlig en strategi til styring af effekten. Derefter er der også foreslået to
løsninger til realisering af effekt-reservekontrol: 1) Koordinering af styrin-
gen mellem forskellige solcelle-enheder med styringen af konstant effekt
generering (CPG) og maksimal effekt udbytte (MPPT) og 2) Kombinering
af CPG-styringen og MPPT-operationen til rutinemæssigt at estimere den
tilgængelige effekt ved brug af kun en solcelle-enhed. Funktionaliteten af
de foreslåede kontrolstrategier er blevet valideret eksperimentelt under flere
driftsbetingelser.
I dette projekt analyseres også strømkvalitetsproblemet af solcelle-system-
er, specifikt interharmoniske svingninger. Dette er bekræftet eksperimentielt,
at forstyrrelser i DC-spændingen under MPPT-operation er en hovedårsag til
interharmoniske svingninger i den strøm der leveres til elnettet. For at løse
dette problem er der opstillet en model til forudsigelse af interharmoniske sv-
ingninger i henhold til kontrolparametrene brugt i inverteren. Effektiviteten
af den foreslåede interharmoniske model er blevet valideret, og det er vist at
de varslede interharmoniske svingninger stemmer godt overens med hvad er
set i de eksperimentelle målinger.
Pålideligheden af solcelle inverteren er ligeledes analyseret, hvor solcelle-
systemernes missions-profiler (belastning) er inkluderet. Ud fra et pålideligh-
eds-synspunkt er nedbrydning og overdimensionering af solcellepaneler de
to hovedaspekter, der kan påvirke PV-omformernes pålidelighed. Resul-
taterne har vist, at nedbrydningen af et solcellepanel kan reducere PV-omfor-
mernes pålidelighed med mere end 50 % sammenlignet med det tilfælde,
hvor nedbrydning af panelet ikke er inkluderet. Den effekt, som størrelsen af
solcellepaneler har på PV inverterens pålidelighed er også blevet analyseret,
hvilket viser, at PV-inverterens levetid kan risikere at falde med mere end 40
% i forhold til tilfældet uden at overdimensionere solcellepanelerne, især for
en missions-profil med lavt solbestrålingsbetingelser.
Desuden udforskes løsninger på pålidelighedsforøgelse af solcelle invert-
eren med integrationen af batterisystemer. Med det integrerede batterisys-
tem kan belastningen af solcelle inverteren ændres på en måde, der kan
forbedre PV-omformernes pålidelighed. I så fald kan nede-tiden af solcelle-
omformeren reduceres med 50 % sammenlignet med tilfældet uden et batteri.
Integrerede lagringssystemer kan således være en lovende løsning for at øge
PV-omformerens pålidelighed i fremtiden.
Contents
Abstract iii
Dansk Resumé v
Thesis Details ix
Preface xi
I Report 1
1 Introduction 3
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.1 Flexible Power Control in PV Systems . . . . . . . . . . . 5
1.1.2 Interharmonics from Grid-Connected PV Systems . . . . 7
1.1.3 High Reliability of PV Inverters . . . . . . . . . . . . . . 8
1.2 Project Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Project Objectives and Limitation . . . . . . . . . . . . . . . . . . 11
1.3.1 Research Questions and Objectives . . . . . . . . . . . . 11
1.3.2 Project Limitations . . . . . . . . . . . . . . . . . . . . . . 12
1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.5 List of Publications . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2 Flexible Power Control of PV Systems 19
2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Power Limiting Control Algorithm . . . . . . . . . . . . . . . . . 20
2.3 Power Ramp-Rate Control Algorithm . . . . . . . . . . . . . . . 21
2.4 Power Reserve Control Algorithm . . . . . . . . . . . . . . . . . 23
2.4.1 Delta Power Control Strategy for Multi-String Inverters 25
vii
Contents
2.4.2 A Sensorless Power Reserve Control Strategy for Two-
Stage PV Systems . . . . . . . . . . . . . . . . . . . . . . . 28
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3 Interharmonics from Grid-Connected PV Systems 35
3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Modeling of Interharmonics . . . . . . . . . . . . . . . . . . . . . 36
3.3 Mitigation of Interharmonics . . . . . . . . . . . . . . . . . . . . 40
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4 Reliability of Power Electronics in PV Systems 49
4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 Degradation Rates of PV Arrays . . . . . . . . . . . . . . . . . . 52
4.2.1 Thermal Loading . . . . . . . . . . . . . . . . . . . . . . . 53
4.2.2 Reliability Evaluation . . . . . . . . . . . . . . . . . . . . 53
4.3 Oversizing of PV Arrays . . . . . . . . . . . . . . . . . . . . . . . 56
4.3.1 Thermal Loading . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.2 Reliability Evaluation . . . . . . . . . . . . . . . . . . . . 57
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5 Enhanced PV Inverter Reliability with Batteries 63
5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.2 Reliability Assessment of PV Inverters with Battery Systems . . 64
5.2.1 Reliability Evaluation . . . . . . . . . . . . . . . . . . . . 66
5.2.2 Impacts of the Battery System Parameters . . . . . . . . 68
5.3 Enhanced PV Inverter Reliability with Battery Control . . . . . 69
5.3.1 Control Strategy of the PV Self-Consumption . . . . . . 69
5.3.2 PV Inverter Loading and Reliability . . . . . . . . . . . . 72
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6 Conclusions 77
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.2 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.3 Research Perspectives . . . . . . . . . . . . . . . . . . . . . . . . 80
References 82
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
viii
Thesis Details
Thesis Title: Grid-Friendly High-Reliability Photovoltaic Systems
Ph.D. Student: Ariya Sangwongwanich
Supervisors: Prof. Frede Blaabjerg, Aalborg University
Assoc. Prof. Yongheng Yang, Aalborg University
Assoc. Prof. Dezso Sera, Aalborg University
The main body of this thesis consists of the following papers:
Publications in Refereed Journals
J1. A. Sangwongwanich, Y. Yang, F. Blaabjerg, and D. Sera, "Delta Power
Control Strategy for Multistring Grid-Connected PV Inverters," IEEE
Trans. Ind. App., vol. 53, no. 4, pp. 3862-3870, July-Aug. 2017.
J2. A. Sangwongwanich, Y. Yang and F. Blaabjerg, "A Sensorless Power
Reserve Control Strategy for Two-Stage Grid-Connected PV Systems,"
IEEE Trans. Power Electron., vol. 32, no. 11, pp. 8559–8569, Nov. 2017.
J3. A. Sangwongwanich, Y. Yang, D. Sera, H. Soltani, and F. Blaabjerg,
"Analysis and Modeling of Interharmonics from Grid-Connected Pho-
tovoltaic Systems," IEEE Trans. Power Electron., vol. PP, no. 99, pp.
1–1.
J4. A. Sangwongwanich, Y. Yang, D. Sera, and F. Blaabjerg, "Lifetime Eval-
uation of Grid-Connected PV Inverters Considering Panel Degradation
Rates and Installation Sites," IEEE Trans. Power Electron., vol. 33, no. 2,
pp. 1225-1236, Feb. 2018.
ix
Thesis Details
J5. A. Sangwongwanich, Y. Yang, D. Sera, F. Blaabjerg, and D. Zhou, "On
the Impacts of PV Array Sizing on the Inverter Reliability and Lifetime,"
IEEE Trans. Ind. App., vol. PP, no. 99, pp. 1–1.
J6. A. Sangwongwanich, S. Zurmühlen, G. Angenendt, Y. Yang, D. Sera,
D. U. Sauer, and F. Blaabjerg, "Enhancing PV Inverter Reliability with
Battery System Control Strategy," CPSS Trans. Power Electron. App.,
2018, Status: Under Review.
Publications in Refereed Conferences
C1. A. Sangwongwanich, Y. Yang, and F. Blaabjerg, "Development of Flex-
ible Active Power Control Strategies for Grid-Connected Photovoltaic
Inverters by Modifying MPPT Algorithms," Proc. of IFEEC 2017 - ECCE
Asia, Kaohsiung, 2017, pp. 87–92.
C2. A. Sangwongwanich, Y. Yang, and F. Blaabjerg, "A Cost-Effective Power
Ramp-Rate Control Strategy for Single-Phase Two-Stage Grid-Connected
Photovoltaic Systems," Proc. of. ECCE, Milwaukee, WI, 2016, pp. 1–7.
C3. A. Sangwongwanich, Y. Yang, D. Sera, and F. Blaabjerg, "Interhar-
monics from Grid-Connected PV Systems: Mechanism and Mitigation,"
Proc. of IFEEC 2017 - ECCE Asia, Kaohsiung, 2017, pp. 722–727.
C4. A. Sangwongwanich, G. Angenendt, S. Zurmühlen, Y. Yang, D. Sera,
D. U. Sauer, and F. Blaabjerg, "Reliability Assessment of PV Inverters
with Battery Systems Considering PV Self-Consumption and Battery
Sizing," Proc. of ECCE, 2018, Status: Accepted.
Co-authored Journal Publications
O1. Y. Yang, A. Sangwongwanich, and F. Blaabjerg, "Design for Reliability
of Power Electronics for Grid-Connected Photovoltaic Systems," CPSS
Trans. Power Electron. App., vol. 1, no. 1, pp. 92–103, Dec. 2016.
This dissertation has been submitted for assessment in partial fulfilment of
the Ph.D. degree. The thesis is a summary of the outcome from the Ph.D.
project, which is documented based on the above publications. Parts of the
results are used directly or indirectly in the extended summary of the the-
sis. The co-author statements have been made available to the assessment
committee and are also available at the Faculty of Engineering and Science,
Aalborg University.
x
Preface
The work presented in this dissertation is a summary of the outcome from
the Ph.D. project "Grid-Friendly High-Reliability Photovoltaic Systems", which
was carried out at the Department of Energy Technology, Aalborg Univer-
sity, Denmark. This Ph.D. project is supported by the European Commission
within the European Union’s Seventh Framework Program (FP7/2007-2013)
through the SOLAR-ERA.NET Transnational Project (PV2.3-PV2GRID) and
Innovation Fund Denmark through the Advanced Power Electronic Technol-
ogy and Tools (APETT) project. The author would like to give an acknowl-
edgment to the above-mentioned institutions.
First of all, I would like to extend my deepest gratitude towards my su-
pervisor Professor Frede Blaabjerg for his valuable guidance, kindness, and
patience during the study. His support and encouragement are the main
drivers for me to complete my Ph.D. study. I would also like to thank my
co-supervisors Associate Professor Yongheng Yang and Associate Professor
Dezso Sera for their guidance and help during the entire period of the Ph.D.
project. It has been such a great experience to work under your supervision.
I am also grateful to Professor Dirk-Uwe Sauer for providing me an op-
portunity to visit RWTH Aachen University during my study abroad and
broaden my knowledge in the area of battery technologies. I would also like
to thank my colleagues at ISEA-RWTH Aachen University for their valuable
discussion and great hospitality during my stay.
Special thanks go to Associate Professor Huai Wang and Assistant Pro-
fessor Dao Zhou for their valuable suggestions and help. I would also like
to thank all my colleagues and secretaries at the Department of Energy Tech-
nology, Aalborg University for their support and fruitful discussion.
Last but not least, I would like to express my gratitude to my family for
encouraging me to find my own path in life. Their kindness and encourage-
ment have been (and still be) my greatest support in many ways.
Ariya Sangwongwanich
Aalborg University, June 18, 2018
xi

Part I
Report

Chapter1
Introduction
1.1 Background
Due to the environmental concerns, there is a strong demand to increase the
penetration level of renewable energy globally. The Photovoltaic (PV) tech-
nology has great potential to become a major renewable source for clean elec-
tricity generation in the near future and can provide a significant share in the
future electricity demand. In fact, the continuous cost reduction of PV panels
and also the Balance-of-System (BOS) components (e.g., wiring and invert-
ers) have made a significant contribution to an increased penetration level of
the PV systems in the last decade. Nevertheless, in order to enable more PV
installations, several challenges in both technical and economic aspects still
need to be addressed for the next-generation PV systems.
A general diagram of grid-connected PV systems is illustrated in Fig. 1.1,
which consists of three main parts: PV generator, Power converters, and Dis-
tributed grid. From the generator side, the PV panels/arrays are responsible
for the power generation, which is achieved by converting the solar energy
into the DC electricity. The electrical characteristic and thereby the power
production of the PV arrays are strongly dependent on the environmental
conditions (e.g., solar irradiance and ambient temperature) of the system. It
is demanded that the cost of PV arrays should be further decreased in the
near future, in order to increase the cost competitiveness of PV systems [1].
At the same time, the conversion efficiency of the PV arrays is also expected
to be improved in order to increase the energy yield and reduce the cost of
PV energy. In fact, the long-term performance of the PV system also strongly
affects the cost of PV energy. One area that requires further improvement
is the degradation rate of PV arrays, as it directly affects the long-term PV
energy yield. With the recent technologies, the degradation rate of the PV
3
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Fig. 1.1: Demands for grid-connected photovoltaic systems (Ppv: PV power production, P: Active
power delivered to the grid, and Q: Reactive power exchanged with the grid).
arrays is typically 0.8 %/year or less [2]. This corresponds to the lifetime
of 25 years, which is a typical warranty provided by the manufacturers [3],
where the end-of-life is determined when the PV arrays have degraded to
80 % of their nameplate peak power (i.e., 20 % reduction in the conversion
efficiency). However, there is a strong demand to further extend the lifetime
of the PV arrays to above 35 years [3]. In that case, the degradation rate of
the PV arrays needs to be maintained below 0.5 %/year, which is challeng-
ing. Moreover, the PV array degradation rate shows great variation with both
panel technology and the climate conditions [2]. This will inevitably affect
the loading and thus the reliability performance of PV inverters.
From the distribution grid perspective, the main challenges are related
to the integration of the PV systems to the electricity grid. Unlike the con-
ventional power plants (e.g., coal-fired, gas turbine), the PV systems are con-
sidered to be non-dispatchable source of electricity. The variability of the
PV power generation can impose a challenge on the grid regulation, in the
case of high penetration level of PV systems. Thus, it is demanded for the
next-generation PV systems to be able to provide power control flexibility,
where the PV power production can be flexibly regulated during the opera-
tion upon demand [4]. By doing so, the PV systems will be able to support
the grid during abnormal events (e.g., fault ride-through, frequency support,
and grid voltage support). Moreover, maintaining a high level of power qual-
ity is always mandatory for the future installation of the PV systems [5].
4
1.1. Background
Limiting the harmonic distortion is one of the commonly used power quality
measures, as it is well known that the non-ideal switching behavior of the
power converters (e.g., PV inverters) in the PV system can induce harmonics
in the output current. Recent studies have also reported the incident of inter-
harmonic generation of the PV systems, which also needs to be addressed to
ensure the power quality and also the stability of the distribution grid.
Acting as an interface between the two ends (i.e., the generator side and
the grid side), power converter systems (e.g., PV inverters) based on power
electronics play a key role to fulfill the above demands. As part of the power
conversion system, high efficiency is required for the power converters in or-
der to increase the overall energy yield. This requirement can be achieved in
several ways, e.g., by using new power device technologies (e.g., wide-band
gap power devices) [6] or employing multi-level topologies with reduced
power losses (e.g., reducing conduction losses with 1500 V DC-link voltage)
[7]. From the operation and maintenance perspective, the PV inverters have
been reported as one of the weakest components in the PV systems, whose
failure can significantly affect the overall power production as well as the
maintenance costs. Thus, a highly reliable operation of the power converters
(e.g., inverters) is also strongly demanded in order to further reduce the cost
of PV energy [8, 9]. Moreover, from the technical perspective, the grid integra-
tion challenges also impose a further improvement of the power converters.
To fulfill the flexible power control demands, the advanced control function-
alities of the PV system needs to be realized through the control of power
converters [4]. Similarly, power quality improvement can also be achieved
through the power converter control (e.g., harmonics compensations). In all,
a grid-friendly integration of the PV system is one of the key requirements of
the next-generation PV systems.
1.1.1 Flexible Power Control in PV Systems
Since the electrical characteristic of PV modules/arrays is strongly influenced
by the environmental conditions (i.e., solar irradiance and ambient temper-
ature), the power generated by the PV system can vary considerably during
the day. As more and more PV systems have been installed and connected
to the grid, the variability of the PV power may challenge the grid integra-
tion [10, 11]. For instance, overloading of the grid during the PV peak power
generation period (e.g., midday) is one of the main concerns under a large
PV-installation scenario [12]. Consequences of the overloading include the
increase of the power losses, the voltage rise, and the overheating of trans-
formers. Another potential problem caused by PV systems is related to the
intermittent nature of PV energy. During cloudy conditions, the power gen-
erated by PV systems can fluctuate considerably with a fast change rate. This
can potentially cause grid voltage fluctuations, which challenge the voltage
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*
Fig. 1.2: Flexible power control strategies for grid-connected PV systems defined in the Danish
grid code (Ppv: PV power, Pavai: available power, Plimit: the power limit level, R∗r : the ramp-rate
limit, ∆P: the power reserve level) [16].
regulation of the network [13], or even the stability of the grid in the case
of a large-scale PV system [14]. The frequency regulation capability of the
system operators is another concern in the case of a high penetration level of
grid-connected PV systems [15]. In that case, the system operators may have
a limited capability to stabilize the grid, since the majority of PV systems
cannot easily be controlled.
To tackle the above challenges, several grid codes have been recently up-
dated to involve PV systems in the grid regulation [16–21]. In order to achieve
so, the next-generation PV systems should be able to regulate the power pro-
duction following certain constraints to support the grid, instead of always
deliver the maximum available power with a Maximum Power Point Track-
ing (MPPT) operation. Several active power control strategies have been in-
troduced, as shown in Fig. 1.2 and are also described in the following:
• Power Limiting Control (PLC): In this operation, the maximum feed-in
power of the PV system is limited to a set-point Plimit. It can alleviate
the overloading issue during the peak power generation period.
• Power Ramp-Rate Control (PRRC): This control strategy limits the PV
output power change rate to a certain level R∗r . It is introduced to reduce
the fluctuation in the PV power injection.
• Power Reserve Control (PRC): The PV system can support the grid
by providing a power reserve during the operation. In this case, the
extracted PV power is regulated below the available power with an
amount of reserved power ∆P.
With the above control strategies, the power generated by the PV system
can be flexibly regulated. Thus, the negative impact from the intermittent
nature of PV energy can be alleviated to some extent.
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ig [5 A/div]
vg [350 V/div]vpv [20 V/div]ipv [50 mA/div]
time [0.1 s/div]
Fig. 1.3: Experimental measurement from a commercial 15-kW PV inverter operating at 2 % of
the rated power (i.e., steady-state MPPT operation), where vpv is the PV voltage, ipv is the PV
current, vg is the grid voltage, and ig is the grid current. Source: [J3].
1.1.2 Interharmonics from Grid-Connected PV Systems
The PV inverters have been reported as one source of harmonics including
interharmonics delivered to the grid [22–24]. The generation mechanism of
the harmonics in grid-connected PV systems has been investigated, and mit-
igation solutions have been proposed [25, 26]. In contrast, the interharmonic
issues in PV systems are rarely discussed, although it can contribute to flick-
ering and overloading of the grid.
According to the definition, the interhamonics are the frequency compo-
nents that are non-integer times of the fundamental frequency [27]. In gen-
eral, the widely acknowledged sources of interharmonic generation are: two
asynchronous-conversion systems (e.g., motor drives) [28–30], time-varying
loads (e.g., arc furnaces) [31], and mechanical vibrations (e.g., in wind tur-
bines) [32]. Typically, PV systems are not considered as a source of inter-
harmonics, since they are normally viewed as a single DC-AC conversion
system. However, it has recently been reported that the PV inverter may
contribute to the interharmonics in the grid current, causing power quality
problems (e.g., light flickering and overloading) [33–35]. In [34], the interhar-
monics have been observed in the experimental tests of commercial PV in-
verters during the steady-state operation. This observation is also confirmed
by the experimental test with a commercial PV inverter conducted during the
Ph.D. study, where the key experimental waveforms during the steady-state
operation are shown in Fig. 1.3. The frequency spectrum of the grid current
is shown in Fig. 1.4, indicating that there are interharmonics appearing as a
series of low-frequency components. The interharmonic characteristic shown
in Fig. 1.4 is to some extent in agreement with the measurement results in
some previous studies [33–35].
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Fig. 1.4: Frequency spectrum of the grid current from the measurements shown in Fig. 1.3 with
a frequency resolution of 1 Hz. Source: [J3].
However, the mechanism of the interharmonics in the PV inverter is not
yet clearly identified. One hypothesis is that the MPPT operation of the PV
inverter imposes the variation in the DC power during the Maximum Power
Point (MPP) searching, inducing the interharmonics in the grid current [34].
Nevertheless, it is difficult to obtain the control parameter of commercial PV
inverters. Thus, an in-depth analysis to map the control parameters with the
intherharmonic characteristic is still missing. As a consequence, a modeling
approach to identify the interharmonics from the PV inverter as well as their
mitigation solutions are not available.
1.1.3 High Reliability of PV Inverters
In addition to the grid integration issues such as flexible power control and
interharmonics, reducing the cost of PV energy is another important aspect
that is strongly demanded in order to further increase the installation of PV
systems [1]. For the application with relatively long expected lifespan such
as PV systems (e.g., 20-25 years of operation), the operation and maintenance
costs play a major part in the overall cost of energy [36, 37]. According to
the field-experience, the PV inverter has been reported as one of the most
critical components that causes failures in the PV systems (e.g., 43% - 70% of
the total failure events) [8, 9]. Apart from the extra cost due to the inverter
replacement, the failure of the PV inverter is also responsible for a significant
amount of the energy losses (e.g., up to 36% of the total losses) during the PV
inverter downtime [9]. In some cases, the total cost associated with the PV
inverter failure can be as high as 59% of the unexpected maintenance cost.
Thus, the reliability of the PV inverter is one of the key performances that
needs to be ensured in order to lower the cost of PV energy [1].
With an increased demand in the reliability performance of PV inverters,
the reliability engineering has been more involved in the design of PV invert-
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Fig. 1.5: Design for Reliability (DfR) flow diagram for power electronics converters, which can
be employed to assess the reliability performance of the designed PV inverter [39].
ers, referred to as a Design for Reliability (DfR) approach [38, 39]. A general
diagram of the main tasks in the DfR approach is illustrated in Fig. 1.5, which
involves: 1) failure identification, 2) stress analysis and strength modeling,
and 3) reliability mapping. At the first stage, the reliability-critical compo-
nents in the system need to be identified. This can be obtained through either
the physics-of-failure analysis or from real-field statistical data. For instance,
the power devices and DC-link capacitors are two of the most commonly
known critical components in PV inverters [40]. Then, the stress analysis can
be analyzed through the loading of the component under a required operat-
ing condition, i.e., a mission profile, and the strength of the component can
be obtained from the lifetime model. With the stress and strength conditions
of the component, the reliability performance of the component can be evalu-
ated. For the system with several components (e.g., PV inverters), a statistical
tool to map the component-level reliability performance to the system-level
reliability performance such as a reliability block diagram is required [41].
One challenge in the DfR for PV inverters is the uncertainty in the op-
erating condition of the inverter. This can be introduced by the variation in
the mission profile of different installation sites. For instance, the PV inverter
installed in the hot climate condition (e.g., Arizona) will experience much
higher loading during the entire operation compared to the other installation
sites with a cold climate condition (e.g., Denmark). This variation is con-
sidered to be an important factor that deviates the reliability performance of
the designed PV inverter. Further, the uncertainty in the PV inverter relia-
bility can also be introduced by the variation in the PV array characteristic.
More specifically, the degradation of the PV arrays normally contributes to
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a continuous reduction of the PV output power [2], which affects the load-
ing of the PV inverters. Oversizing the PV arrays is another aspect that may
challenge the reliability of the PV inverter due to the increased loading [42].
These aspects should be considered during the design phase in order to ad-
dress the uncertainty in the reliability evaluation of the designed PV inverter.
Moreover, solutions to enhance the reliability of the PV inverter are also de-
manded, which have not yet been fully explored in the literature. In that
regard, the loading of the PV inverter needs to be modified to reduce the
component stress. This requirement may be achievable through the integra-
tion of the energy storage systems, e.g., batteries. Thus, the impacts of battery
system operation on the reliability of PV inverters should also be analyzed,
and their potential to enhance the PV inverter reliability needs to be explored.
1.2 Project Motivation
As discussed above, several challenges still need to be addressed in order
to increase the penetration level of grid-connected PV systems. From the
technical aspects, improving the integration between the PV system and the
grid is strongly demanded. This includes the realization of flexible power
control functionalities in the PV system as well as ensuring the power quality
of the injected current regarding the interharmonics. These demands can be
fulfilled by advancing the control of PV inverters, which play the main role
in the control of the PV systems. This will allow more PV systems to be
integrated into the power grid with a minimum cost requirement.
On the other hand, ensuring a high-reliability operation of the PV sys-
tem with a minimum downtime count is also of high importance in order to
minimize the cost of PV energy (i.e., reduce the unexpected operation and
maintenance cost). As one of the most fragile components in the PV system
in terms of failure rates, the reliability performance of the PV inverter needs
to be evaluated for an intended operating condition (e.g., mission profile), in
order to ensure that the reliability target can be fulfilled with the designed
inverter. More importantly, the uncertainties in the reliability performance
introduced by the mission profile, the PV array degradation, and the PV ar-
ray sizing also need to be addressed, in order to identify the required design
margin in terms of reliability. In addition, the solutions to enhance the reli-
ability performance of the PV inverter should also be explored. In that case,
the integration of the energy storage system to the PV system may offer a
possibility to modify the loading of the PV inverter in such a way that its re-
liability performance is improved. The overall research activities in this Ph.D.
project are summarized in Fig. 1.6.
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Fig. 1.6: Research activities in the Ph.D. project: Grid-Friendly High-Reliability Photovoltaic
Systems.
1.3 Project Objectives and Limitation
1.3.1 Research Questions and Objectives
With the above motivation, the final goal of this Ph.D. project is to enable a
high penetration level of PV systems. In order to do so, on one hand, the grid-
friendly integration of PV systems needs to be enable to solve the technical
challenges. On the other hand, the reliability improvement of the PV inverters
is also demanded for the reduction in the cost of energy. Accordingly, the
following research questions are considered:
• How to enable the flexible power control of grid-connected PV system
by advancing the control of PV inverters?
• Is it possible to model the interharmonics from grid-connected PV in-
verters according to the control parameters?
• How to ensure the reliability performance of the PV inverter under var-
ious mission profiles and uncertainties from the PV array characteristic?
• Is it possible to improve the reliability of the PV inverter through the
integration of the energy storage systems?
With those research questions, the objectives of the Ph.D. project can be sum-
marized as follows:
11
Chapter 1. Introduction
Development of flexible power control for grid-connected PV systems
As mentioned previously, the flexible power control of grid-connected PV
systems is required in order to avoid the adverse impact from PV systems. In
this Ph.D. project, the control strategy to flexibly regulate the output power of
the PV systems following the demands in Fig. 1.2 will be developed. The per-
formance of the proposed control strategies will be validated experimentally
with a single-phase grid-connected PV system.
Analysis of interharmonics from grid-connected PV inverters
To address the interharmonics from grid-connected PV inverters, an in-depth
analysis of the interharmonic generation will be carried out in this Ph.D.
project. The expected outcome of the analysis is the modeling approach to
predict the interharmonic in the grid current for given controller parameters.
Moreover, when the generation mechanism of the interharmonic is under-
stood, the mitigation solutions are also expected to be explored.
Reliability assessment of PV inverters considering mission profiles and PV
array characteristics
In order to ensure a highly reliable operation of PV inverters, the reliability
assessment based on the DfR approach should be applied to the design of
PV inverters. Mission profiles of different installation sites will be considered
and their impacts on the reliability performance of the PV inverter will be
investigated. The influence of the PV array degradation and oversizing on
the PV inverter reliability also needs to be analyzed.
Control solutions to enhance the reliability of PV inverters
Since the PV inverter failure is accounted for a significant lost of revenue, the
solution to enhance the reliability of the PV inverter is also demanded. With
the knowledge of the main stress factor that causes failure of PV inverters,
the control strategy to mitigate/reduce the stress of the PV inverter will be
explored. In this aspect, the integration of energy storage system may offer a
possibility to modify the loading of the PV inverter in such a way reliability
performance is improved.
1.3.2 Project Limitations
There are several PV system configurations adopted in the industry mainly
based on the installed power rating. These large variants of system config-
urations usually lead to different PV inverter topologies, making it difficult
to have generalized control strategies and reliability analysis. In this Ph.D.
thesis, the main focus is on the single-phase residential PV systems where
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the string/multi-string inverter topologies are widely adopted. Regarding
the PV inverter topology, the boost converter and the full-bridge inverter are
used for the DC-DC and DC-AC conversion stages, respectively.
In the experiments, a PV array simulator is employed to emulate the be-
havior of the PV arrays. While this representation may not be 100 % realistic
compared to the real PV arrays, it is suitable for developing control algo-
rithms, since the test conditions are repeatable. In that case, the performance
of different control strategies can be clearly compared.
Regarding the reliability analysis, only the wear-out failure mechanism is
considered in this study. That is to say, other failures such as the catastrophic
failure, random failure, software failure, human error, etc., are not taken into
consideration. Moreover, only the power devices and capacitors are consid-
ered in the analysis, since they are reported to be the most reliability-critical
components in the PV inverters. The lifetime models of the power devices
and capacitors are taken from the available literature and applied to the de-
signed PV inverter. The other components in the system, e.g., fans, connec-
tors, fuses, etc., are not considered in the reliability analysis.
1.4 Thesis Outline
The summary of the outcome of the Ph.D. project is documented in the Ph.D.
thesis based on the collection of papers published during the Ph.D. study.
The document is structured in two main parts: Report and Selected Publi-
cations. The thesis structure is illustrated in Fig. 1.7, providing a guideline
how the content in the Report is connected to the Selected Publications.
In the Report, a brief summary of research conducted during the Ph.D.
study is presented, where the main results are based on the Selected Publi-
cations. The Report is organized into six chapters. In Chapter 1, the introduc-
tion of the Ph.D. thesis is provided, where the background of the research
topic and the objective of the Ph.D. study are discussed. Then, the following
two chapters deal with the grid-integration challenges in grid-connected PV
systems. The main focus of Chapter 2 is on the flexible power control of PV
systems. Various active power control strategies of PV systems are discussed
and their control performances are validated with experiments. Chapter 3 ad-
dresses the power quality challenge in grid-connected PV systems, where the
interharmonics from PV systems are investigated. The content in this chapter
includes the analysis, modeling, and mitigation of the interharmonics from
PV systems. The next two chapters deal with the reliability challenges of
the inverter in PV systems. In Chapter 4, the Design for Reliability (DfR) ap-
proach is applied to the design of PV inverters where the mission profile is
considered. Further, the uncertainties related to the PV array characteristic
are also analyzed. Then, in Chapter 5, the possible solutions to enhance the
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reliability of the PV inverter through the integration of the battery systems
are discussed. Finally, concluding remarks and the main contributions in this
Ph.D. thesis are summarized in Chapter 6 and the future research perspectives
are outlined.
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Chapter2
Flexible Power Control of PV
Systems
2.1 Background
As a key enabling technology to control the power extraction from PV sys-
tems, power electronic systems play an important role in realizing the flexible
power control [43, 44]. Conventionally, an MPPT algorithm is implemented
in the power converter to maximize the PV energy yield during the operation.
However, the PV power production with the MPPT operation can fluctuate
considerably due to the dynamic of the environmental conditions. In order to
realize a flexible power control of PV systems, the MPPT algorithm needs to
be modified according to the active power control requirement. More specifi-
cally, the PV power extraction from the PV arrays needs to be reduced below
the maximum available power to certain levels in order to fulfill the active
power control demand, as it is illustrated in Fig. 2.1. This can be achieved by
regulating the operating point in the power-voltage curve of the PV array be-
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Fig. 2.1: Flexible active power control for grid-connected PV systems by modifying the control
algorithm of the power converters. Source: [C1].
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low the Maximum Power Point (MPP) during the operation. This operation
is also called the power curtailment in the literature.
Following the above discussion, the flexible power control solution based
on modifying the control algorithm of the power converters will be discussed
in this chapter. The two-stage grid-connected PV system shown in Fig. 2.2 is
considered in the implementation. In this configuration, the boost converter
(i.e., DC–DC converter) is responsible for the PV power extraction (e.g., ac-
tive power control) while the full-bridge inverter (e.g., DC–AC converter) is
employed to convert the extracted DC power into the AC power delivered to
the grid [45, 46]. The control of PV power extraction is achieved through the
regulation of the PV array voltage vpv at the DC–DC conversion stage, where
the reference PV voltage, v∗pv, is determined by the active power control al-
gorithm. In the following, the control algorithm to realize the active power
control strategy: Power Limiting Control (PLC), Power Ramp-Rate Control
(PRRC), and Power Reserve Control (PRC) will be discussed, and the control
performance will be demonstrated experimentally with a 3-kW single-phase
PV system test bench.
2.2 Power Limiting Control Algorithm
The control objective of the PLC strategy is to limit the maximum feed-in
power of the PV system to a certain level Plimit. This operating condition can
be inherently fulfilled with the MPPT operation when the available PV power
is below the power-limit level: Ppv ≤ Plimit, e.g., during the early morning.
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However, once the available PV power exceeds the power limit: Ppv > Plimit,
e.g., during the midday, the operating point of the PV arrays needs to be
moved away from the MPP in order to reduce the extracted PV power to the
required power-limit level. The PLC strategy for grid-connected PV system
has been proposed in [C1], whose operational principle is shown in Fig. 2.3.
The reference PV voltage during the PLC operation can be summarized as
v∗pv =
{
vMPPT, when Ppv ≤ Plimit
vpv − vstep, when Ppv > Plimit
(2.1)
where vMPPT is the reference voltage from the MPPT algorithm (i.e., Perturb
and Observe MPPT) and vstep is the perturbation step size.
An experimental demonstration of the PLC strategy is shown in Fig. 2.4,
where two operating conditions during a clear day (e.g., smooth solar irradi-
ance condition) and a cloudy day (e.g., fluctuating solar irradiance condition)
are considered. In both cases, the maximum feed-in power of the PV system
can be limited according to the set-point of Plimit = 1.5 kW, validating the
effectiveness of the proposed PLC strategy.
2.3 Power Ramp-Rate Control Algorithm
In the case of the PRRC strategy, the main control objective is to limit the
change rate of the PV output power to a certain level R∗r , as it has been
shown previously in Fig. 1.2. Therefore, the PV power ramp-rate Rr(t) (i.e.,
the change rate of the PV output power) needs to be monitored during the
operation, which can be calculated as
Rr(t) =
dPpv
dt
(2.2)
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Fig. 2.4: PV output power Ppv during the power limiting control with the power-limit level of
Plimit = 1.5 kW under: (a) a clear-day and (b) a cloudy-day conditions (with an accelerated test
in time scale to reduce the testing time from 24 h to 24 min). Source: [C1].
Then, the measured ramp-rate Rr(t) is compared with the set-point R∗r to
determine the power curtailment criterion, as it is proposed in [C2]. More
specifically, as long as the ramp-rate is below the set-point (i.e., Rr(t) ≤ R∗r ),
the PV system is allowed to operate with the MPPT operation, since the
PRRC constraint is fulfilled. However, once the measured ramp-rate exceeds
the maximum limit (i.e., Rr(t) > R∗r ), the operating point of the PV arrays
needs to be perturbed away from the MPP in order to reduce the PV power
change rate to the required value (i.e., Rr(t) = R∗r ), as it is shown in Fig. 2.5.
The reference PV voltage with the PRRC strategy can be summarized as
v∗pv =
{
vMPPT, when Rr(t) ≤ R∗r
vpv − vstep, when Rr(t) > R∗r
(2.3)
The performance of the PV system with the PRRC strategy is validated
experimentally, where the PV output power and the corresponding ramp-
rate during the clear-day and cloudy-day operating conditions are shown in
Figs. 2.6(a) and 2.6(b), respectively. In both cases, the ramp-rate limit of R∗r
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= 10 W/s is used to demonstrate the controllability of the proposed PRRC
strategy. It can be seen from the results in Fig. 2.6 that the PV output power
changes with a ramp manner following the PRRC constraint. As a result,
the measured ramp-rate during the operation is kept below the maximum
limit during most of the time. Notably, there is a short time period where
the measured ramp-rate exceeds the set-point due to the fast transient in
the solar irradiance condition. In that case, the PRRC strategy requires a
number of iterations to reach the required operating point (i.e., Rr(t) = R∗r ).
Nevertheless, the above results have validated that the PRRC strategy can
limit the change rate in the PV power according to the demand.
2.4 Power Reserve Control Algorithm
The purpose of the PRC strategy is to maintain a power difference between
the available PV power Pavai and the PV output power Ppv with the amount
corresponding to the power reserve level ∆P, which can be calculated as
∆P = Pavai − Ppv (2.4)
In order to do so, the PV output power needs to follow the dynamics of the
available PV power (while maintaining the power difference of ∆P). Actually,
the PRC strategy can be viewed as a special case of the PLC operation, where
the power-limit level changes dynamically during the operation as: Plimit =
Pavai− ∆P. The operational principle of the PRC strategy is shown in Fig. 2.7
and the reference PV voltage can be summarized as in the following
v∗pv =
{
vMPPT, when Ppv ≤ Pavai − ∆P
vpv − vstep, when Ppv > Pavai − ∆P
(2.5)
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Fig. 2.6: PV output power Ppv and the measured power ramp-rate Rr(t) during the power ramp-
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In this case, the main challenge is the estimation of the available PV power,
which is required for determining the power-limit level Plimit during the op-
eration for a given amount of power reserve ∆P (i.e., Plimit = Pavai − ∆P).
Several methods to estimate the available PV power during the operation
have been proposed in the literature using: 1) solar irradiance measurement
(and PV array characteristic model) [47, 48], 2) curve-fitting approximation
[49–51], and 3) weather forecast data [52]. Nevertheless, these solutions have
a certain limitation in terms of cost, complexity, and accuracy. More impor-
tantly, they are sensitive to parameter variations, e.g., due to the aging of PV
panels and manufacturing tolerance, which can occur during the entire lifes-
pan of the PV system. Accordingly, two solutions to estimate the available
PV power during the operation with the application of the PRC strategy have
been proposed in this Ph.D. project.
2.4.1 Delta Power Control Strategy for Multi-String Inverters
As discussed previously, the PRC strategy requires two control objectives: 1)
the estimation of the available PV power and 2) the regulation of PV out-
put power (e.g., PLC operation). These demands can be achieved by having
two different units in the system for each control functionality. Actually, this
is applicable for the multi-string PV inverter topology shown in Fig. 2.8,
which is a commonly used topology in residential/commercial PV systems.
In this configuration, each PV string is equipped with a DC-DC converter
(e.g., boost converter), which is controlled independently to perform the PV
power extraction control (e.g., MPPT control), offering a possibility to imple-
ment different control functionalities, as it is shown in Fig. 2.9.
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In order to realize the PRC strategy, the so-called Delta Power Control
(DPC) strategy has been proposed in [J1], where one (or more) PV string is
assigned to operate as a master unit with the MPPT operation and extract
the maximum available power of its unit. Then, with the ratio between the
rated power of the total PV system and the rated power of the master string,
the total available PV power of the entire system can be estimated during
the operation. Notably, this operation is based on the assumption that most
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Fig. 2.10: PV output power and the power reserve ∆P with the Delta Power Control (DPC)
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PV strings are located close to each other (e.g., installed under the same
rooftop) and thus being exposed to similar environmental conditions. Once
the available power is estimated, the other PV strings are assigned to operate
with the PLC strategy to realize the PRC strategy, as it is shown in Fig. 2.9.
The performance of the DPC strategy is demonstrated in Fig. 2.10, where
two operating conditions during a clear day and a cloudy day are considered.
During the test, the DPC strategy is activated when the available power of
the PV system exceeds 2 kW. In Fig. 2.10(a), the PV system is operated under
the slow changing irradiance condition and the power reserve reference ∆P
changes from 200 W to 400 W at t = 12 minutes. It can be seen from the
results that the power reserve level can follow its reference value during the
operation. Moreover, the PRC operation can also be maintained under a
fluctuating solar irradiance condition, as it is shown in Fig. 2.10(b). In this
case, the power reserve can be kept at its reference value ∆P = 200 W. A small
violation only occurs during t = 10 - 13 minutes, where the accuracy of the
estimated available power is reduced due to a sudden change in the solar
irradiance condition. In that case, the MPPT operation has not yet reached
the MPP, and thus it introduces a small error in the PRC operation.
2.4.2 A Sensorless Power Reserve Control Strategy for Two-
Stage PV Systems
In contrast to the DPC strategy, a solution to combine both MPPT and PLC
operations in one PV unit (e.g., one PV string) has been proposed in [J2]. In
this case, the MPPT operation is routinely employed to measure (or estimate)
the available PV power regularly. Once the available PV power is estimated,
the PLC is then employed to limit the extracted PV power according to the
PRC requirement. The operational principle of the available PV power esti-
mation is illustrated in Fig. 2.11. Due to the combination of the MPPT and
PLC operations, the peak PV power is extracted from the PV array during the
available PV power estimation process (e.g., MPPT mode), as it can be seen in
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Fig. 2.11(c). To ensure that the PRC constraint is always maintained during
the operation, the peak PV power during the MPPT mode is not allowed to
pass to the AC grid. In the proposed control strategy, the DC-link voltage
is temporarily increased during the MPPT mode to store the excess energy
during the peak power injection in the DC-link. The concept of the Sensorless
Power Reserve Control (SPRC) strategy is shown in Fig. 2.12, and the control
structure of the PV-side DC-DC converter and the grid-side DC-AC inverter
is shown in Figs. 2.13(a) and 2.13(b), respectively.
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Source: [J2].
The performance of the SPRC during the steady-state operation (i.e., con-
stant solar irradiance condition) is demonstrated in Fig. 2.14, where the ref-
erence power reserve is 500 W. The combination of the MPPT and CPG oper-
ations can be seen from the extracted PV power in Fig. 2.14(a), where the PV
power is regulated at the MPP (e.g., 3 kW) to estimate the available PV power
regularly (i.e., every 5 seconds). During the MPPT mode, the DC-link voltage
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Fig. 2.15: Experimental results of the Sensorless Power Reserve Control (SPRC) strategy under
a changing solar irradiance condition with the reference power reserve level of 500 W: (a) PV
power Ppv, AC power Pac, and available power Pavai, (b) DC-link voltage vdc, and (c) power
reserve ∆P. Source: [J2].
shown in Fig. 2.14(b) is temporarily increased to store the peak power injec-
tion in the DC-link. Consequently, the AC power injected to the grid 〈Pac〉 in
Fig. 2.14(a) can be maintained at 〈Pac〉 = 2.5 kW during the entire operation,
following the PRC requirement with the power reserve level of ∆P = 500 W,
as it is shown in Fig. 2.14(c). The performance of the SPRC strategy during
a ramp-changing solar irradiance condition is also investigated in Fig. 2.15.
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In this case, the dynamic performance of the SPRC strategy is challenged by
the changing available power during the operation. It can be seen from the
results in Fig. 2.15(a) that the available PV power is periodically measured,
and the injected AC power 〈Pac〉 can follow the change in the available PV
power while maintaining the power reserve of 500 W during the operation,
as it is shown in Fig. 2.15(c). Accordingly, the PRC strategy can be realized
without the need of solar irradiance sensors or extra measurements.
2.5 Summary
In this chapter, the flexible power control of PV systems have been discussed.
A power limiting control strategy has been proposed to limit the maximum
feed-in power of the PV system to a certain level. This is achieved by mov-
ing the operating point of the PV system away from the MPP once the PV
output power exceeds the power-limit level. Similar control strategy can also
be applied to realize the power ramp-rate control of the PV system, where
the MPPT algorithm is modified to reduce the PV output power once the
measured ramp-rate of the PV power exceeds the maximum limit. Two con-
trol solutions to realize the power reserve control of PV systems have also
been proposed. The first control strategy utilizes the multi-string PV inverter
topology, where part of the PV strings perform the available power estima-
tion while the rest of the PV strings are coordinately controlled to regulate
the total output power following the power reserve requirement. An alter-
native solution to combine both the available power estimation and the PV
power regulation has also been discussed, where the peak PV power during
the available power estimation is stored in the DC-link. The performance of
the proposed control strategies has been validated experimentally.
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Chapter3
Interharmonics from
Grid-Connected PV Systems
3.1 Background
According to previous studies, the MPPT operation of the PV inverter is sus-
pected to be one of interharmonics sources in the output current [33–35]. In
order to verify this hypothesis, experiments during the MPPT operation are
carried out with the single-phase grid-connected PV system, whose system
diagram is shown in Fig. 3.1. The Perturb and Observe (P&O) MPPT al-
gorithm is employed to determine the reference DC-link voltage of the PV
inverter (e.g., the PV array voltage). The control structure of the PV inverter
is shown in Fig. 3.2. The experimental results during the steady-state MPPT
operation of the PV inverter are demonstrated in Fig. 3.3. In this case, the
perturbation frequency of the MPPT algorithm is fMPPT = 5 Hz. The oper-
ating point of the PV arrays (e.g., the PV array voltage) oscillates between
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Fig. 3.1: System diagram of single-phase grid-connected PV system under test. Source: [J3].
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three points (due to the MPP searching) with the frequency corresponding
to the perturbation frequency (i.e., MPPT sampling rate). As a consequence,
the output current injected to the grid is distorted periodically due to the
stedy-state oscillation of the MPPT operation. When analyzing the frequency
spectrum of the grid current, there are interharmonics in the grid current,
which appear as a series of frequency component with a constant distance
between the two consecutive components, as it is shown in Fig. 3.3(d). This
characteristic is resemble with the experimental measurement from the com-
mercial PV inverter in Fig. 1.4, where the envelope of the interharmonic
frequencies is symmetrical and the interharmonics are concentrated around
the fundamental frequency component of the grid current.
3.2 Modeling of Interharmonics
The experimental results in Fig. 3.3 confirm that the MPPT operation is a
root-cause of interharmonics in the grid current. In order to map the char-
acteristics of interharmonics (e.g., frequency and amplitude) to the control
parameters, the analysis and modeling of interharmonics with respect to the
control parameters have been carried out in [J3].
The modeling approach proposed in [J3] is illustrated in Fig. 3.4, which
involves three main modeling steps: 1) Periodic MPPT oscillation, 2) Re-
sponse of the DC-link voltage perturbation, and 3) Amplitude modulation.
• Periodic MPPT Oscillation: As the main cause of interharmonic, a rep-
resentation of the DC-link voltage during the MPPT perturbation in the
frequency domain is required for the analysis. Thus, the Fourier anal-
ysis needs to be applied to the time-domain waveform of the reference
DC-link voltage during the MPPT oscillation (e.g., Fig. 3.3(a)), in or-
der to decompose the reference DC-link voltage into a set of frequency
components. Notably, the information of the perturbation step-size and
the MPPT sampling rate in the time-domain waveform of the DC-link
voltage will be represented in the frequency-domain after applying the
Fourier analysis. Thus, the impact of control parameters (e.g., MPPT
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algorithm parameters) on the interharmonic characteristic is taken into
consideration at this modeling step.
• Response of the DC-link Voltage Perturbation: The response of the
DC-link voltage during the MPPT perturbation in the frequency domain
can be modeled by considering the close-loop transfer functions of the
DC-link voltage control loop, which can be modeled as it is shown in
Fig. 3.5(a). The DC-link voltage controller is a Proportional-Integral (PI)
controller, which generates the reference amplitude of the grid current.
Then, the current control loop, which consists of the current controller,
the pulse-width modulator, and the output filter transfer function, is re-
sponsible for regulating the grid current. Normally, the current control
loop can be modeled as a first-order transfer function due to its much
faster response compared to the DC-link voltage control loop, and thus
their dynamics are decoupled [53]. For single-phase systems, the notch
filter is normally employed to filter out the double-line frequency (e.g.,
100 Hz) ripple in the DC-link voltage, and only the average value of the
DC-link voltage v
′
dc is controlled. The DC-link voltage control loop can
be re-arranged to obtain the response of the grid current amplitude |ig|
due to the DC-link voltage perturbation, as it is shown in Fig. 3.5(b).
• Amplitude Modulation: From the response of the DC-link voltage con-
troller in Fig. 3.5, the amplitude of the grid current during the MPPT
perturbation can be modeled in the frequency domain. Following the
control diagram in Fig. 3.2, the amplitude of the grid current |ig| is then
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multiplied with the phase angle of the grid voltage sin(θg) in order to
obtain the reference grid current i∗g. This multiplication in the time do-
main will result in the amplitude modulation of the two signals in the
frequency domain, whose frequency mapping is illustrated in Fig. 3.6.
Here, it can be noticed that each frequency component of the amplitude
of the grid current |ig| will contribute to two interharmonic components
in the grid current ig after the amplitude modulation, where the enve-
lope of the interharmonic frequencies is almost symmetrical around the
fundamental frequency component (e.g., 50 Hz).
The control parameters used in the experiments in Fig. 3.3 are applied to
the interharmonic model, and the results obtained from the model are com-
pared with the experiments. The frequency spectrum of the DC-link voltage
during the MPPT oscillation is shown in Fig. 3.7(a). Then, it can be used as
an input to determine the response of the DC-link voltage perturbation, as
it is shown in Fig. 3.7(b). Afterwards, the amplitude modulation between
the amplitude of the grid current and the fundamental frequency of the grid
voltage (i.e., 50 Hz) is applied, and the frequency spectrum of the grid cur-
rent can be obtained, as it is shown in Fig. 3.7(c). It can be seen that the
interharmonics in the grid current obtained from the proposed model are in
close agreement with the experimental results in Fig. 3.7(d). Thus, the above
results validate the effectiveness of the proposed interharmonic model.
3.3 Mitigation of Interharmonics
According to the previous analysis, the perturbation of the DC-link voltage
during the MPPT operation is the main cause of interharmonics in the grid
current. To address this issue, mitigation solutions to alleviate interharmonics
in the grid current have been proposed in [C3].
• Adaptive Gain of the DC-link Voltage Controller: According to the
analysis, the interharmonics in the grid current are induced by the DC-
link voltage perturbation, which is mainly due to the transient response
of the DC-link voltage controller. Thus, the control parameters of the
DC-link voltage controller (i.e., a PI controller) can be designed to re-
shape the interharmonic characteristic. In order to do so, the proposed
interharmonic model is employed to iteratively determine the propor-
tional gain kp and the integral gain ki of the DC-link voltage controller,
as it is shown in Fig. 3.8. An example of this mitigation solution is
demonstrated in Fig. 3.9, where the dynamic response of the DC-link
voltage controller is reduced through the design of the controller pa-
rameters (i.e., the proportional gain kp and the integral gain ki). Never-
theless, the reduced transient response of the DC-link voltage controller
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may limit the sampling rate of the MPPT algorithm, which affects the
dynamic tracking performance (e.g., during a fast changing solar irra-
diance condition).
• Rate Limiter for the DC-link Voltage Controller: A rate limiter can be
employed to limit the change rate of the reference DC-link voltage (from
the MPPT algorithm), as it is shown in Fig. 3.10. This approach is an
alternative solution to ensure a smooth transition between each MPPT
perturbation, and thus avoiding the transient response of the DC-link
voltage controller. In this case, the reference DC-link voltage during
each MPPT perturbation is changed in a ramp-changing manner, in-
stead of using a typical step-change method. By doing so, the overshoot
in the DC-link voltage during the transient (e.g., due to the perturba-
tion) can be reduced. An example of the mitigation solution with a rate
limiter for the DC-link voltage controller is shown in Fig. 3.11, where
it can be seen that the reference DC-link voltage v∗dc changes from the
previous value to the new set-point with a ramp-changing manner. No-
tably, employing the rate limiter for the DC-link voltage controller will
not affect the MPPT tracking performance as long as the reference DC-
link voltage can reach the new set-point (given by the MPPT algorithm)
within one MPPT sampling period (e.g., the typical MPPT sampling
period is in the range of 0.1 - 1 second) [54].
• Constant-Voltage MPPT Method: Another way to mitigate the inter-
harmonics is to avoid the perturbation during the MPP searching. This
can be achieve by employing different MPPT algorithms such as the
constant-voltage MPPT algorithm [55], where the perturbation during
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the MPP searching is not required. In this method, the voltage at the
MPP is approximated as 71-78 % of the open-circuit voltage of the PV
arrays, and the constant reference DC-link voltage is assigned as it is
shown in Fig. 3.12. Since there is no perturbation in the DC-link volt-
age, the interharmonic induced by the MPPT perturbation will not ap-
pear in the grid current. In that regards, it is a very effective solution
to avoid interharmonics induced by the MPPT operation. However, the
trade-off of this solution is the tracking performance during the MPPT
operation, as the applied constant-voltage reference is an approxima-
tion. For instance, the accuracy of this MPPT method may decrease
considerably during the changing environmental condition, where the
voltage at the MPP varies in a certain range (e.g., due to the change in
the solar irradiance and ambient temperature conditions).
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To verify the effectiveness of the proposed interharmonic mitigation so-
lutions, the frequency spectrum of the grid current with different mitigation
solutions is shown in Fig. 3.13. Compared with the normal MPPT operation
(i.e., a P&O MPPT algorithm), all three mitigation solutions can effectively re-
duce the interharmonics in the grid current. Employing mitigation solutions
such as adaptive gain and rate limiter for the DC-link voltage controller result
in a similar grid current waveform (see Fig. 3.9(b) and 3.11(b)). Therefore,
they also have similar performance in terms of frequency spectrum, where
the interharmonic frequencies above 100 Hz can be significantly suppressed,
as it is shown in Fig. 3.13. However, the constant-voltage MPPT method can
completely avoid the DC-link voltage perturbation during the MPPT opera-
tion. Therefore, it is the most effective solution to reduce the interharmonics
in the grid current including the frequency component close to the funda-
mental frequency of the grid voltage (e.g., 50 Hz).
3.4 Summary
The analysis of the interharmonics from grid-connected PV systems was dis-
cussed in this chapter. It is confirmed by the experiments that the pertur-
bation of the DC-link voltage during the MPPT operation is one main-cause
of interharmonics in the grid current. To address this issue, the modeling
approach to predict the interharmonics according to the control parameters
(e.g., MPPT algorithm parameters, DC-link voltage controller parameters,
and system parameters) has been proposed. The proposed interharmonic
model has been validated by comparing the predicted interharmonics with
the experimental measurements. A close agreement between the frequency
spectrum of the predicted grid current and experimental measurements val-
idates the effectiveness of the proposed model.
In addition, three interharmonics mitigation solutions have been discussed
in this chapter. Re-designing the DC-link voltage controller parameters (i.e.,
PI controller parameters) by using the proposed interharmonic model to en-
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Fig. 3.11: Simulation results of the PV inverter operating at the steady-state MPPT operation
(i.e., 0.15 kW) with a rate limiter for the DC-link voltage controller solution. Source: [C3].
sure the interharmonic level is one solution to alleviate the interharmonics
issue. Another solution to reduce the interharmonics in the grid current is
to employ a rate limiter of the DC-link voltage controller. In this method, a
smooth transition between each MPPT perturbation can be ensured, reduc-
ing the grid current distortion. However, to effectively mitigate the interhar-
monics, the perturbation of the DC-link voltage during the MPPT operation
should be avoided. This can be achieved by using a constant-voltage MPPT
method at the cost of the MPPT accuracy. The frequency spectrum of the
grid current with the mitigation solutions demonstrated the effectiveness of
the proposed solutions in terms of reducing the interharmonics of the grid
current.
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Chapter4
Reliability of Power
Electronics in PV Systems
4.1 Background
With a strong demand to ensure high reliability of power electronics in PV
systems, the reliability engineering has been more and more involved in the
design of PV inverters [38]. This is referred to as a Design for Reliability
(DfR) approach, where the reliability specifications (e.g., the component life-
time target) are defined and need to be fulfilled during the design phase.
By doing so, the unexpected operation and maintenance cost due to the in-
verter failures can be minimized, lowering the cost of PV energy. In the DfR
approach, the reliability assessment plays an important role to ensure the re-
liability performance of the designed PV inverters. A comprehensive study
about applying the DfR approach in the design of PV inverters has been dis-
cussed in [O1]. A general diagram of the reliability assessment process of PV
inverter is illustrated in Fig. 4.1, where three major tasks are involved:
• Mission Profile Translation to Thermal Loading: In the DfR approach,
the operating condition of the PV inverter during the specified service
life, i.e., a mission profile, is required as the input of the reliability
assessment process [56–58]. The solar irradiance and ambient temper-
ature profiles are normally considered as the mission profile, which
needs to be translated into the stress/loading of the reliability-critical
components in the system [59, 60]. Usually, the power devices and DC-
link capacitors are considered to be the life-limiting components in the
PV inverter whose thermal loading is the main stress factor that accel-
erates the wear-out failure mechanism of the components [61–63].
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Fig. 4.1: Reliability assessment of PV inverters considering the mission profile and PV
panel/array characteristics. Source: [J4].
• Thermal Cycling Interpretation: In the case of the power devices, the
main wear-out failure mechanism is related to the thermal cycling,
which causes bond-wire lift-off and solder joint fatigue after a num-
ber of cycles [62–64]. Therefore, the thermal loading translated from
the mission profile needs to be analyzed in order to determine the ther-
mal cycling information. Typically, a cycle counting algorithm (e.g.,
the rainflow counting) is applied to extract the information such as the
cycle amplitude, the mean value, and the cycle period of the thermal
loading profile, which contains the mission profile dynamics [56].
• Lifetime Evaluation: The lifetime or time-to-failure of the component
(e.g., power devices and capacitors) can be modeled with respect to
their stress factor and the failure mechanism. When applying the ther-
mal stress information, e.g., obtained from the cycle counting algo-
rithm, the corresponding Life Consumption (LC) or damage can be
calculated for a given mission profile [39]. This parameter indicates
how much lifetime of the component has been consumed during the
operation. It is normally assumed that the LC is accumulated linearly
and independently during the operation following the Miner’s rule [56].
The component is considered to reach its end-of-life when the LC is ac-
cumulated to 1, and the lifetime of the component can be determined.
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While the reliability assessment procedure discussed above seems to be
straight forward, there are several factors in the real-life applications which
may introduce uncertainties in the evaluation results. For instance, the pa-
rameter variations in the lifetime model and the component characteristic
(e.g., on-state voltage drop of the power device, equivalent series resistance
of the capacitor) due to the manufacturing tolerance have a certain impact
on the reliability evaluation results [39]. Moreover, the deviation can also be
introduced by the mission profile uncertainties, which will be reflected in the
variation in the stress condition. To address these uncertainties, the Monte
Carlo simulation is employed in the reliability assessment process, where pa-
rameter variations are taken into consideration during the assessment, as it
is illustrated in Fig. 4.2. The outcome of the Monte Carlo-based reliability
assessment is the lifetime (failure rate) distribution of the components, as it
is shown in Fig. 4.3(a). The probability of failure over-time (i.e., unreliability
function) of the components in the system can be determined from the accu-
mulation of the lifetime distribution, as it is shown in Fig 4.3(b). For instance,
the Bx lifetime, which corresponds to the time when x % of the population
have failed, is usually used as a reliability metric, as it gives a statistical infor-
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Fig. 4.4: Reliability block diagram of: (a) system with n components and (b) PV inverter with
full-bridge module and DC-link (Fs(t): unreliability of the power device, Fc(t): unreliability of
the capacitor) [J5].
mation of the failure rate. From the unreliability function of each individual
component, a system-level reliability metric can be assessed through the re-
liability block diagram [41], as it is shown in Fig. 4.4, and the system-level
unreliability is demonstrated in Fig. 4.3(b).
In addition to the variations discussed above (e.g., lifetime model and
manufacturing tolerance), the PV panel/array characteristics also play an im-
portant role to determine the loading and thus the reliability of PV inverters.
For instance, the aging of PV arrays usually leads to a continuous decrease
in the PV output power, known as the PV array degradation [65–68]. An-
other concern regarding the impact of PV array characteristic on the inverter
reliability is related to the PV array oversizing [69–71]. When the PV arrays
are oversized, the time duration where the PV inverter operates close to the
rated power will be prolonged during the day. This will lead to an increase
in the loading of PV inverters [72, 73]. In both cases, the reliability of the
PV inverter will be affected to a certain extent. In this chapter, the influence
of the degradation rates and oversizing of the PV arrays on the reliability
performance of PV inverters will be analyzed.
4.2 Degradation Rates of PV Arrays
In addition to the mission profile of the PV system (i.e., solar irradiance and
ambient temperature), the long-term PV power production is strongly de-
pendent on the degradation of the PV arrays. In fact, the degradation rate of
the PV arrays varies with the installation location, where the dry and hot cli-
mate conditions tend to accelerate the degradation of the PV arrays [2, 74–76].
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Fig. 4.5: Degradation profile of the PV arrays installed in Denmark and Arizona with the degra-
dation rate of 0.15 %/year and 1 %/year, respectively. Source: [J4].
An example of the PV array degradation based on the field-measurement in
Denmark (i.e., cold climate condition) and Arizona (i.e., hot and dry climate
condition) is shown in Fig. 4.5 [77–79]. Notably, in this case, a linear degra-
dation rate is assumed. It can be seen that the PV array degradation rate in
Arizona is much higher than that in Denmark due to the climate condition of
the installation site. The impacts of the PV array degradation on the thermal
loading and reliability performance of the PV inverter have been discussed
in [J4], and will be summarized in the following.
4.2.1 Thermal Loading
The impact of PV array degradations on the thermal loading of the PV in-
verter can be examined by considering the junction temperature variation of
the power devices. The thermal cycle amplitude ∆Tj and the mean junction
temperature Tjm are the two main stress factors that accelerate the wear-out
failure mechanism of power devices. The thermal loading of the power de-
vice of PV inverter under the mission profile in Denmark and Arizona are
shown in Fig. 4.6(a) and 4.6(b), respectively. In both cases, the thermal load-
ing of the PV inverter with and without considering the PV array degradation
are considered for comparison. Due to a relatively high degradation rate of
the PV arrays installed in Arizona, the thermal loading of the PV inverter in
Arizona reduces significantly after five years of operation, while the thermal
loading difference is very small in the case of PV inverters in Denmark.
4.2.2 Reliability Evaluation
By applying the thermal loading in Fig. 4.6, the reliability performance of the
PV inverter can be evaluated following the diagram in Fig. 4.1. The unrelia-
bility function of the PV inverter under different mission profiles are shown
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Fig. 4.6: Thermal loading of the power device (i.e., cycle amplitude and mean junction tempera-
ture) under a yearly mission profile in: (a) Denmark and (b) Arizona. Source: [J4].
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in Fig. 4.7, where the B10 lifetime of the power device (i.e., component-level)
and the inverter (i.e., system-level) are considered as the reliability metrics.
It can be seen from the results in Fig. 4.7(a) that the system-level B10 life-
time of the PV inverter installed in Denmark is underestimated by 20 %, if
the PV array degradation is not considered during the reliability assessment.
In the case of PV inverters in Arizona, the deviation in the system-level B10
lifetime is as high as 54 % (7 years), due to the higher degradation rate of the
PV arrays, as it is shown in Fig. 4.7(b). In both cases, a certain deviation in
the reliability evaluation is introduced, if the PV array degradation impact is
considered, which affects the operation and maintenance cost estimation.
4.3 Oversizing of PV Arrays
Oversizing the PV arrays, where the rated installed power of the PV arrays
is intentionally designed to be higher than the PV inverter rated power, has
become an attractive solution to reduce the cost of PV energy recently [42, 72,
80]. The benefit of doing so is the increase in the PV energy yield during the
low solar irradiance condition, as it is illustrated in Fig. 4.8. Since the cost of
PV arrays is still declining, the extra initial cost introduced by the PV arrays
is relatively low compared to the increase in energy yield. Thus, the overall
cost of PV energy can be reduced considerably by oversizing the PV arrays.
From a reliability perspective, the consequence of oversizing the PV arrays
is the increase in the loading of the PV inverter. This will inevitably increase
the stress of the components in the inverter, and thus affect their reliability
performance. While the risk of decreasing the PV inverter reliability due
to the PV array oversizing has been pointed out in the previous study [72,
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73], an in-depth analysis to quantify the required design margin in terms of
the reliability of PV inverters has not been discussed in the literature. Such
analysis is required to ensure the reliability performance of the designed PV
inverter following the DfR approach. This issue has been addressed in [J5],
and will be summarized in the following by using the reliability assessment
method in Fig. 4.1.
4.3.1 Thermal Loading
The impact of PV array oversizing on the thermal loading of the components
in the PV inverter is investigated by considering the cycle amplitude ∆Tj and
the mean value Tjm of the junction temperature of the power device and the
hotspot temperature Th of the DC-link capacitor. Here, two cases with the
sizing ratio Rs = 1 (i.e., non-oversized PV arrays) and Rs = 1.4 (i.e., oversized
PV arrays) are compared for each mission profile. According to the results in
Fig. 4.9, the thermal loading of the components of the PV inverter installed in
Denmark increases considerably when the PV arrays are oversized, especially
during the winter periods. In contrast, the impact of PV arrays oversizing is
less pronounced with the installation in Arizona, as it is shown in Fig. 4.10.
In that case, the PV inverter mostly operates in the power limiting mode due
to the relatively high solar irradiance condition. Thus, the increase in the
thermal loading of the PV inverter due to the oversizing is relatively small.
4.3.2 Reliability Evaluation
The reliability evaluation was carried out to analyze the influence of the PV
array sizing on the reliability of the PV inverter. The B10 lifetime of the PV
inverter with different PV array sizing ratios for the installation site in Den-
mark and Arizona are shown in Fig. 4.11(a) an 4.11(b), respectively. Similar
to the thermal loading analysis, the sizing ratio of PV arrays has a strong
impact on the reliability of the PV inverter installed in Denmark due to the
mission profile characteristic. When the sizing ratio increases from Rs = 1 to
Rs = 1.4, the reliability performance of the PV inverter (i.e., the B10 lifetime)
is deviated by more than 40 %. This indicates that a certain design margin
in terms of reliability performance is required in order to ensure a highly
reliable operation of the PV inverter in Denmark under various PV array siz-
ing ratios. In contrast, the difference in the B10 lifetime of the PV inverter
installed in Arizona is less affected by the PV array oversizing, where the
deviation in the reliability performance is less than 22 % over the wide-range
of PV arrays sizing ratios. In both cases, it can be seen that the DC-link ca-
pacitors are the weakest components in the system, which may need to be
re-designed to improve the reliability of the overall system. Otherwise, other
measures should be taken to enhance the reliability of the entire system.
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Fig. 4.9: Thermal loading of the power device (cycle amplitude and mean junction temperature)
and capacitor (hotspot temperature) under a mission profile in Denmark. Source: [J5].
4.4 Summary
In this chapter, the reliability of the power electronics in PV systems was
studied considering the PV array degradation and oversizing issues. The
design for reliability was employed to assess the reliability of the PV inverter
based on the mission profile, where the mission profile translation to thermal
loading, thermal cycling interpretation, and lifetime evaluation are involved.
Monte Carlo simulations were also employed to address the uncertainties in
the reliability evaluation introduced by, e.g., lifetime modeling and variations
in the stress conditions. By doing so, the reliability of the PV inverter can be
expressed in terms of statistical values (e.g., failure distribution, unreliability
function, B10 lifetime), which is commonly used in the reliability analysis.
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Fig. 4.10: Thermal loading of the power device (cycle amplitude and mean junction temperature)
and capacitor (hotspot temperature) under a mission profile in Arizona. Source: [J5].
For the PV applications, the operation and performance of the PV inverter
are also dependent on the PV array characteristics, which are considered as
another source of uncertainties in the reliability evaluation. From a reliability
point of view, the PV array degradation and oversizing are the two main
aspects that can strongly affect the loading and reliability of the PV inverter.
The degradation of PV arrays leads to a continuous decrease in the PV output
power and thereby the loading of the PV inverter. The results showed that
the reliability performance of the PV inverter can be considerably affected
by the PV array degradation rate. Specifically, the deviation in the reliability
evaluation results can be as large as 54 %, if the PV array degradation is
not considered. The impact of PV array sizing on the PV inverter reliability
has also been analyzed in this chapter. While oversizing the PV arrays can
reduce the cost of PV energy, it also increases the risk of PV inverter failures
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due to the increased loading. In the case of the mission profile with low
solar irradiance conditions (e.g., Denmark), the oversizing of the PV arrays
can decrease the reliability performance of the PV inverter (i.e., B10 lifetime)
by more than 40 % compared to the case with non-oversized PV arrays. In
that case, a certain design margin in terms of reliability is strongly required
in order to ensure high reliability of the PV inverter under various PV array
sizing ratios.
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Chapter5
Enhanced PV Inverter
Reliability with Batteries
5.1 Background
Recently, the integration of battery system in residential grid-connected PV
systems has become more and more economically viable and attractive [81–
83]. One application example is the PV self-consumption, where the gener-
ated PV power is consumed locally (within the household) as much as pos-
sible, and only the surplus PV power is being fed into the grid [12]. In that
case, the battery system is employed to store the surplus PV energy during
the day and supply the load demand during the night in order to increase the
self-consumption rate and thus reduce the cost of energy. In general, there
are two main types of the PV system with integrated Battery Energy Stor-
age Systems (PV-BESS): DC and AC coupled battery system. In this Ph.D.
project, the PV-BESS with DC coupled configuration is considered, whose
system diagram is shown in Fig. 5.1. An operational example of the PV
self-consumption during one day is demonstrated in Fig. 5.2.
To ensure a better cost competitiveness of PV-BESS, a highly reliable oper-
ation is demanded. PV inverters have been reported as one of the reliability-
critical components in the overall system, whose failures can lead to a nega-
tive impact on the cost of PV energy. Therefore, improving the PV inverter re-
liability has high potential for a significant cost reduction in PV-BESS. In fact,
the battery system operation can affect the PV inverter loading and thereby
reliability, following the power flow diagram in Fig. 5.1. More specifically, the
loading of the PV inverter is affected by the charging/discharging power of
the battery in addition to the PV array output power. For instance, in the case
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Fig. 5.1: System diagram of PV systems with integrated battery systems (Ppv: PV array output
power, Pbat: battery power, Pinv: PV inverter power, Pload: load consumption, and Pgrid: power
exchanged with the grid). Source: [J6].
of PV self-consumption, the PV inverter will experience less loading during
the day, since part of the PV energy will be stored in the battery. On the other
hand, the loading of the PV inverter during night will increase (compared to
the case without battery system) since the battery system needs to supply
the load through the inverter. The one-day loading of the PV inverter with
battery systems is demonstrated in Fig. 5.2(d). Inevitably, the PV inverter
reliability will be affected by the battery system operation, which should be
analyzed to ensure a highly reliable operation of PV inverters. In this chap-
ter, the impact of battery system operation on the PV inverter reliability will
be addressed, where the battery system parameters and control strategy are
considered.
5.2 Reliability Assessment of PV Inverters with Bat-
tery Systems
The reliability assessment of PV inverters with battery systems is discussed
in [C4] with the flow diagram illustrated in Fig. 5.3. First, the mission profile
of the PV system (i.e., solar irradiance and ambient temperature) needs to
be translated into the output power of the PV array. Then, the PV inverter
loading is determined by subtracting the PV array output power with the
battery power, which is obtained from the self-consumption control strategy.
In this way, the impact of battery system operation can be reflected in the
loading of PV inverter during the operation. Afterwards, the thermal loading
of the power devices and the corresponding damage accumulated during the
operation can be determined.
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Fig. 5.3: Reliability assessment of PV inverter with battery storage systems considering mission
profiles and PV self-consumption. Source: [C4].
5.2.1 Reliability Evaluation
The impact of battery system operation (i.e., self-consumption) on the reli-
ability of PV inverters can be evaluated by considering the damage in the
power device. In Fig. 5.4, the operation during one day is considered, and
the damage in the power device of the PV inverter with and without battery
systems are compared. It can be seen from the results in Fig. 5.4 that the dam-
age in the power device is reduced significantly during the battery-charging
period (i.e., 8:00-10:00). In the case of PV inverters with battery systems, a
small increase in the loading has been observed around 18:00, corresponding
to the discharging period of the battery. However, the increased PV inverter
loading at night is relatively low. Thus, its contribution to the damage is not
significant. When accumulating the damage during the entire day, the oper-
ation of the battery system can reduce the accumulated damage in the power
device by 8 %, as it is shown in Fig. 5.4.
Due to the seasonal variation in the mission profile (e.g., during summer
and winter), the one-year operation is also considered for the reliability anal-
ysis. The corresponding damage in the power device and its accumulation
are shown in Fig. 5.5. In general, the damage in the power device of the PV
inverter with batteries is lower than that in the case of no batteries. When
considering the operation during the entire year, the accumulated damage in
the power device of the PV inverter with battery systems is 11 % lower than
the case without battery systems. Thus, the reliability of the PV inverter can
be improved with the battery systems.
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5.2.2 Impacts of the Battery System Parameters
The battery capacity is the parameter that strongly affects the battery system
operation [84, 85]. A large battery capacity will prolong the charging process
and ensure that more PV inverter loading during the day will be shifted to
the night. Therefore, increasing the battery capacity will improve the overall
PV inverter reliability. The impact of the battery capacity on the PV inverter
reliability is analyzed with a one-year operation, and the results are shown
in Fig. 5.6(a). In general, the accumulated damage decreases with a large
battery capacity. However, when the battery capacity is further increased
higher than 10 kWh, the damage difference is saturated around 15 % of the
initial value. In that case, the battery is not being fully charged (i.e., during
the day) or discharged (i.e., during the night). This means that the battery
power profile is not affected by the battery capacity.
In addition, the battery converter power rating is another system pa-
rameter that affects the charging/discharging time duration of the battery.
Using a battery converter with a low power rating can prolong the charg-
ing/discharging time duration. In that case, more peak load during midday
will be stored in the battery. It can be seen from the results in Fig. 5.6(b) that
the damage of the PV inverter decreases significantly as the battery converter
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power rating decreases. Thus, using a small battery converter will improve
the PV inverter reliability. However, when the battery converter power rat-
ing becomes too low (e.g., below 0.6 kW), the charging/discharging power is
not enough to fully charge the battery and supply the load demand. In that
case, the damage of the PV inverter is not further decreased with reducing
the battery converter power rating. In other words, the battery is not being
utilized and the loading of the PV inverter becomes comparable with the case
without a battery system.
5.3 Enhanced PV Inverter Reliability with Battery
Control
As discussed in the previous section, the integration of battery system to
the PV system has a high potential to improve the PV inverter reliability,
where the operation of the battery system (e.g., charge/discharge) changes
the loading of the PV inverter. In that case, the control strategy of battery sys-
tems will affect the PV inverter loading and thereby also the reliability. The
potential solution to enhance the PV inverter reliability through the control
of battery systems considering the PV self-consumption operation has been
investigated in [J6] and will be discussed in this section.
5.3.1 Control Strategy of the PV Self-Consumption
The basic concept of the PV self-consumption is to locally consume the gener-
ated PV electricity within the household, instead of drawing electricity from
the grid to supply the loads. There are several control strategies to achieve
the self-consumption operation [86], whose operational principle will be dis-
cussed in the following.
• Maximizing Self-Consumption: The most commonly-used battery sys-
tem control strategy within the self-consumption scheme is the maxi-
mizing self-consumption [86]. In this control strategy, the battery is
charged as soon as the surplus PV power becomes positive (e.g., the
PV power is higher than the load demand), as it is demonstrated by
simulations in Fig. 5.7(a). By doing so, it can be ensured that the self-
consumption rate is maximized. However, this control strategy usually
leads to a situation where the battery is fully charged before noon. This
is undesirable since the battery system cannot contribute to the PV peak
power reduction (e.g., the battery is fully charged before midday) [87].
Additionally, the early fully charged batteries will lead to a high aver-
age State of Charge (SOC) during operation, as it can be seen from the
result in Fig. 5.7(b), which will accelerate the calendar aging (degrada-
tion) of some battery types (e.g., lithium-ion batteries) [88].
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Fig. 5.7: Operation principle of PV-BESS during one day with the maximizing self-consumption
control strategy: (a) battery power and (b) battery state of charge. Source: [J6].
• Delaying Charging Period: With the delaying charging period con-
trol strategy, the battery will not be charged as soon as the surplus PV
power becomes positive [89]. In contrast, the battery will be charged af-
ter a certain time period in a way to shift the charging period from the
early morning to the midday, as it is shown in Fig. 5.8(a). The SOC of
the battery with the delaying charging period control strategy is demon-
strated in Fig. 5.8(b). Compared to the maximizing self-consumption
control strategy, the average SOC of the battery is effectively reduced.
As a consequence, the lifetime of the battery can be improved and a
certain amount of PV peak power injected into the grid is reduced.
However, this control strategy may reduce the self-consumption rate in
the case of a low solar irradiance condition, if the battery is not being
fully charged by the end of the day
• Limiting Charging Power: Limiting the charging power of the battery
to a certain value is another possible solution to avoid the battery to be
fully charged early in the day [90]. The operation of this control strategy
is demonstrated in Fig. 5.9(a), where the maximum charging power of
the battery is kept at 30 % of the battery converter power rating. As a
result, the battery charging time is prolonged and the average SOC of
the battery shown in Fig. 5.9(b) can be effectively reduced. However, its
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Fig. 5.8: Operation principle of PV-BESS during one day with the delaying charging period
control strategy: (a) battery power and (b) battery state of charge. Source: [J6].
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Fig. 5.10: Loading of the PV inverter during one day with the maximizing self-consumption
control strategy: (a) input power and (b) thermal cycle amplitude. Source: [J6].
contribution to the grid-relieving is limited, since a part of the surplus
power will be injected to the grid due to the limited battery charging
power. Moreover, the self-consumption rate may be reduced in a low
irradiance day if the battery is not fully charged.
5.3.2 PV Inverter Loading and Reliability
The impact of battery system control strategies on the PV inverter reliabil-
ity can be investigated by comparing the PV inverter loading (i.e., the input
power of the PV inverters) during the one-day operation with different bat-
tery system control strategies. It can be seen from the results in Fig. 5.10(a)
that the maximizing self-consumption control strategy can reduce the input
power of the PV inverter during the early morning. However, the peak load
during noon remains the same as the case of PV inverters without a bat-
tery system. On the other hand, the loading of PV inverters during the PV
peak power generation period can be reduced with the delaying charging
period and limiting charging power control strategies, as it can be seen in
Figs. 5.11(a) and 5.12(a). In the case of the limiting charging power control
strategy, the maximum input power of the PV inverter is also reduced with
the power difference of the maximum charging power of the battery system.
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The thermal stress of the power device under different battery system con-
trol strategies is considered in the analysis. In general, the thermal stress of
the power device has a similar tendency as the input power profile of the PV
inverter. More specifically, the cycle amplitude of the power device decreases
significantly in the early morning with the maximizing self-consumption con-
trol strategy, as it is shown in Fig. 5.10(b). In the case of the delaying charging
period control strategy shown in Fig. 5.11(b), the thermal stress of the power
device starts to reduce after the battery system is activated (i.e., after 9:00).
For the limiting charging power control strategy, the thermal stress in the
power device reduces from the early morning until the afternoon, covering
the PV peak power generation period, as it is shown in Fig. 5.12(b).
The accumulated damage (AD) of the power device in the PV inverter
with different battery system control strategies is summarized Fig. 5.13. It
can be seen from the results that employing the maximizing self-consumption
control strategy results in a comparable AD as the case without battery sys-
tem. Thus, its effectiveness in terms of PV inverter reliability enhancement is
limited. In contrast, the delaying charging period control strategy can reduce
the AD of the power device by approximately 40 % compared to the case
without batteries. Nevertheless, the limiting charging power control strategy
can reduce the AD by more than 50 %, being the most effective solution in
terms of the reliability enhancement of the PV inverter.
5.4 Summary
The impact of the battery system operation on the reliability of PV inverters
has been analyzed in this chapter. The reliability assessment is based on the
self-consumption operation where the loading of the PV inverter is modified
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by the charging and discharging operation of the battery system. In general,
the evaluation results have indicated that the reliability performance of the
PV inverter can be improved with the battery system due to the reduced
loading during the day. Moreover, the battery system parameter such as the
battery capacity and battery converter power rating has also a certain impact
on PV inverter reliability. Employing a battery with a large capacity and/or
a small battery converter can improve the overall PV inverter reliability.
Apart from the battery system parameters, the control strategy of the bat-
tery system also plays a certain role in determining the loading and thus the
reliability of the PV inverter. Three battery system control strategies to real-
ize the self-consumption operation have been discussed in this chapter and
their impact on the PV inverter reliability have been analyzed. From the PV
inverter reliability perspective, employing the maximizing self-consumption
control strategy results in a comparable reliability performance as the case
without battery systems. The other two control strategies – delaying the
battery charging period and limiting the battery charging power are more
effective in terms of improving the reliability of PV inverters.
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Chapter6
Conclusions
This chapter summarizes the results and outcomes of the research during
the Ph.D. study - Grid-friendly high-reliability photovoltaic systems. The main
contributions are highlighted, and the research perspectives are discussed at
the end of the chapter.
6.1 Summary
In this Ph.D. project, the main research focus is on improving the control
functionality and reliability of power electronics in PV systems. Several chal-
lenging issues for the next-generation PV systems have been discussed, and
the solutions to address those issues though advancing the PV inverter con-
trol have been proposed. In the following, a brief summary of this Ph.D.
thesis is presented.
In Chapter 1, the demands and challenges for the next-generation PV sys-
tems have been discussed. In the case of a high-penetration level of PV sys-
tem, the grid-integration issue is one of the major concerns, which needs
to be addressed. One potential problem is related to the intermittent na-
ture of the PV power production, which may cause several challenges to the
grid such as overloading, grid voltage fluctuation, grid frequency deviation,
etc. Following the recent grid-integration requirements, the flexible power
control is strongly demanded to address the adverse impact from the PV
systems. The solutions to fulfill these requirements have been discussed in
Chapter 2 by advancing the control of PV inverters. By modifying the Max-
imum Power Point Tracking (MPPT) algorithm, several active power control
strategies including the power limiting control, power rate-rate control, and
power reserve control can be realized in a cost-effective way. In the case of
the power reserve operation, the estimation of the available power during the
77
Chapter 6. Conclusions
operation is also a challenge. In this Ph.D. project, two control solutions to
estimate the available power during the power reserve operation have been
proposed. One solution coordinates the control of different PV units, which
is suitable for the multi-string PV inverter topology. The other solution is
more suitable for a single PV unit (e.g., string inverter topology) where the
constant power generation control and the MPPT operations are combined to
routinely estimate the available power.
Another concern related to the grid-integration issue is the interharmonics
generated by the PV system. As discussed in Chapter 1, it has been recently
reported that the PV system can contribute to the interharmonics delivered to
the power grid. This issue has been investigated in details in Chapter 3, where
an in-depth analysis of the interharmonics from the grid-connected PV sys-
tems has been carried out. The analysis includes the generation mechanism
of the interharmonics, where it is turned out that the MPPT perturbation
is the main source that induces the interharmonics in the grid current. By
understanding the generation mechanism, it was possible to model the inter-
harmonic characteristics of the grid current according to the designed control
parameters. The effectiveness of the proposed interharmonic modeling ap-
proach has been validated experimentally. Moreover, the mitigation solutions
have also been explored in this Ph.D. project to address this issue.
Apart from the grid-integration challenges, reducing the cost of PV en-
ergy is another aspect which is strongly demanded in the next-generation PV
system. According to the discussion in Chapter 1, improving the reliability
of the PV inverter has high potential for a significant cost reduction of the
PV systems. Therefore, the reliability of the PV inverter has been analyzed
following the design for reliability approach, which is the main content of
Chapter 4. The reliability assessment process which takes the mission profile
of the PV system into consideration has been discussed. Moreover, the im-
pact of the PV array degradation and oversizing, which can be seen as the
uncertainties in the reliability evaluation, have been investigated. The degra-
dation of the PV arrays usually leads to a continuous reduction in the PV
power production. Without taking this aspect into consideration, the reliabil-
ity of the PV inverter (e.g., lifetime) can be under-estimated. Oversizing the
PV array is another concern, which can deviate the reliability performance
of the PV inverters. While oversizing the PV arrays can increase the energy
yield and has potential to reduce the cost of energy, it also increases the load-
ing of the PV inverters, challenging their reliability. The reliability analysis
of the PV inverter with oversized PV arrays has been carried out in Chapter 4.
The evaluation results indicate that oversizing the PV arrays can significantly
affect the reliability performance of the PV inverter, especially for the instal-
lation sites with relatively low solar irradiance conditions (e.g., Denmark). In
that case, a certain design margin in terms of reliability is required to ensure
the high-reliability of PV inverter under various PV array sizing ratios.
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Although the reliability of the PV inverter can be strengthened through
the design, the control strategy of the PV system can also contribute to a fur-
ther improvement in the PV inverter reliability. The possibility to improve the
reliability of the PV inverter through the control of the PV system with inte-
grated battery systems is the main research focus in Chapter 5. Here, the res-
idential PV system with integrated battery system was considered where the
self-consumption operation is adopted. With the integrated battery system,
the loading of the PV inverter is modified by the charging and discharging of
the battery system. In the case of the self-consumption operation, the load-
ing of the PV inverter is reduced, where the battery is charged by the surplus
PV power. This contributes to the improvement in the reliability of the PV
inverter due to the reduced stress in the components. Moreover, the control
strategy of the battery system also plays an important role in modifying the
loading of the PV inverter. According to the evaluation results, limiting the
charging power of the battery system has a high potential to enhance the
reliability of the PV inverter, where a certain amount of peak-load energy
during midday is stored in the battery. In that case, the damage occurred in
the components of the PV inverter (e.g., power devices) can be reduced by
half compared to the case without battery systems.
6.2 Main Contributions
In this part, the main contributions of this Ph.D. project based on the research
outcomes are summarized as follows:
Flexible power control of grid-connected PV systems
This Ph.D. study has proposed the cost-effective solution to realize the flex-
ible power control functionality for PV systems through the modification of
the MPPT algorithm. In that case, the extracted PV power can be regulated
below the maximum available power following the demand, making the PV
systems capable of providing the following power control functionalities:
• Power Limiting Control strategy
• Power Ramp-Rate Control strategy
• Power Reserve Control strategy
The developed control strategies have been implemented in the single-
phase grid-connected PV systems and their performances have been vali-
dated experimentally under various operating conditions.
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Analysis, modeling, and mitigation of interharmonics from grid-connected
PV systems
An in-depth analysis of interharmonics from grid-connected PV systems have
been carried out during the Ph.D. study. The generation mechanism of the in-
terharmonics due to the MPPT perturbation has been investigated. The mod-
eling approach to predict the interharmonic characteristics according to the
control parameters was proposed, which can be used for the control param-
eters design. Moreover, mitigating solutions to minimize the interharmonics
induced by the MPPT perturbation have been introduced.
Impacts of PV arrays characteristics on the reliability of PV inverters
The impacts of PV array characteristics on the reliability of the PV inverter
have been investigated. The reliability assessment of the PV inverter based
on the mission profile has been employed to evaluate the deviation in the
reliability performance of the PV inverter considering:
• PV array degradation rates
• PV array oversizing
The obtained results can be used to identify the required design margin in
terms of reliability when the PV inverter is subjected to the above conditions.
Enhancing the reliability of PV inverters with battery systems
Improving the reliability of the PV inverter is also one objective of this Ph.D.
project. In that regard, the solution to enhance the reliability performance
of the PV inverters through the control of the battery systems has been dis-
cussed. The impact of the battery system operation on the loading and re-
liability of the PV inverter has been investigated considering the following
control strategies:
• Maximizing self-consumption
• Delaying charging period
• Limiting charging power
6.3 Research Perspectives
Although several aspects for grid-connected PV systems have been investi-
gated in this Ph.D. project, there are still other challenges which need to be
addressed for next-generation PV systems.
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• Although this Ph.D. project proposes the flexible power control of the
PV system by modifying the MPPT algorithm, there are also other so-
lutions to achieve this requirement (e.g., by integrating the battery sys-
tem). It could be more beneficial to combine different control solutions,
e.g., optimally coordinate the operation between the battery system and
the modifying MPPT algorithm, to reduce the overall cost while main-
taining the energy yield at a high level.
• The analysis of interharmonics from the PV system addressed in this
study only considers single-phase PV systems. Moreover, the topology
used in the study is limited to the full-bridge inverter and only the
Perturb and Observe (P&O) MPPT algorithm is discussed. It could
be interesting to extend the modeling approach in this study to other
PV system configurations, system topologies, operating conditions, and
MPPT algorithms. In that case, it can be pointed out which aspect has
higher impact on the interharmonic characteristic of the PV systems.
• The impacts of the PV array characteristic (e.g., degradation rates, over-
sizing) have been analyzed through simulations in this Ph.D. project.
However, the experimental validation regarding the thermal loading
and, possibly, the reliability performance of the components in the in-
verter have not been carried out. It could be interesting to investigate
those variations in the operating condition of the PV inverter experi-
mentally under a real mission profile both in a controlled environment
and field operation.
• Regrading the integration of the battery system, only the reliability and
lifetime of the PV inverters have been discussed. In fact, the battery is
also a component that is prone to failure during the operation. Thus,
a more system-level analysis including the reliability of the PV inverter
and battery system is required to ensure the reliability performance of
the entire system.
• The reliability analysis in this Ph.D. project can be further employed in
the cost optimization tool, e.g., cost of energy, during the lifespan of
PV system. For instance, the repair rate and the associated cost due to
the inverter downtime should be taken into consideration in the cost
analysis based on the reliability performance of the PV inverter.
Besides the above aspects, the power electronics technology is also devel-
oping at a fast pace. New components, topologies, and control methods are
continuously investigating. It is always important to be able to cope with the
new technologies and ensure that the methodology discussed in this Ph.D.
project can still be applied. Otherwise, certain modifications should be ad-
dressed to fulfill the requirements of the next-generation PV systems.
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